Abstract-The incidence of wound infections that do not adequately respond to standard-of-care antimicrobial treatment has been increasing. To address this challenge, a novel antimicrobial magnetic thermotherapy platform has been developed in which a high-amplitude, high-frequency, alternating magnetic field is used to rapidly heat magnetic nanoparticles that are bound to Staphylococcus aureus (S. aureus). The antimicrobial efficacy of this platform was evaluated in the treatment of both an in vitro culture model of S. aureus biofilm and a mouse model of cutaneous S. aureus infection. We demonstrated that an antibodytargeted magnetic nanoparticle bound to S. aureus was effective at thermally inactivating S. aureus and achieving accelerated wound healing without causing tissue injury.
INTRODUCTION
Staphylococcus aureus (S. aureus) has emerged as a leading cause of colonization and infection in various soft-tissue wounds including venous leg ulcers, pressure ulcers, and diabetic foot ulcers, resulting in the development of chronic, non-healing wounds. 1, 22, 48, 51 Critical challenges in treatment of S. aureus infections include antibiotic resistance, and its multiple, redundant mechanisms of immune evasion such that S. aureus is able to escape many elements of innate or adaptive immune attack. 9, 23, 47 Biofilm formation is an important aspect of S. aureus immune evasion as is evidenced by the correlation between biofilm formation and the onset of wound chronicity. 5, 14 Current approaches for the treatment of skin and soft tissue infections with S. aureus include the application of topical or systemic antibiotic treatments (i.e., clindamycin, trimethoprim-sulfamethoxazole, tetracyclines, b-lactams, vancomycin, telavancin, daptomycin, and linezolid, among others) along with wound debridement, drainage, and surgical intervention. 38 Despite the development of novel antimicrobial agents, the cost and complexity of treating these chronic wound infections remain a serious challenge. A number of factors contribute to this, including extended treatment duration (i.e., up to several months) with concomitant nephrotoxicity and hepatotoxicity, a persistent growth of antibiotic-resistant bacterial strains, and a limited efficacy of antibiotics against bacterial biofilms. 3, 42 To help address these challenges, we propose an adjuvant to antimicrobial treatment that could facilitate efficient and rapid inactivation of bacterial cells and biofilms without further compromising fragile patients or exacerbating drug resistance. We envision this treatment would facilitate reduced treatment durations and improve outcomes by acting synergistically to enhance the efficacy of existing antimicrobial agents.
This adjuvant treatment, termed antimicrobial magnetic nanoparticle (MNP) thermotherapy, is an evolution of targeted radio frequency (RF) hyperthermia, 37 which, through recent advancements in MNP design, has proven successful in the treatment of various cancers including glioblastoma, prostate carcinoma, and breast carcinoma. 18, 30, 40 Targeted RF hyperthermia utilizes MNPs, which absorb electromagnetic radiation and efficiently transmit energy in the form of highly localized heat (i.e. nanometer range). 43 Motivated by aspects of this targeted ablation technology, we have applied it to thermally inactivate S. aureus within a cutaneous abscess in a mouse model of wounding.
Several other thermotherapy-based antimicrobial treatments have demonstrated modest antimicrobial efficacy using an application of infrared and light pulsing, 15 ,54 direct-current electrical stimulation, 7, 52 ultrasound, 20, 45 and alternating electric fields. 49 However, such approaches have been non-specific, frequently necessitating undesirable increases in ambient tissue temperature to generate bacterial cell destruction. Further, although antimicrobial photo-thermal treatments have demonstrated some efficacy, 36, 46 these methods were similarly limited due to nonspecific tissue heating and due to the restricted tissue penetration depth of pulsed laser light.
The opportunity to thermally inactivate S. aureus depends upon its temperature sensitivity and its ability for thermo-tolerance. 8, 26, 32 It has been shown that heating S. aureus in tryptic soy broth (TSB) solution at 60°C for 20 min resulted in a~3 log reduction, while heating S. aureus at 70°C for 2 min resulted in a~5 log reduction. 32 Thomas et al. 50 recently demonstrated in an in vitro culture model of S. aureus that magnetic fluid hyperthermia could be used to enable bacterial destruction.
The ability to safely heat bacterial cells and prevent tissue damage depends upon targeted heating of pathogen cells, facilitated by proper customization of treatment parameters. Although MNP hyperthermia can generate a rapid temperature increase at the surface of a single MNP, 12 a theoretical study also showed that overdosing presents the potential for disseminated tissue heating due to simultaneous heat dissipation from a large number of MNPs dispersed in a macroscopic region of tissue. 31 Therefore, proper dosing and customization of magnetic field exposure parameters are necessary to facilitate a targeted temperature rise, and prevent undue tissue damage to the surrounding tissue.
In this study, we developed and validated a MNP thermotherapy platform that could specifically target and kill bacteria in an in vitro culture model of S. aureus biofilm and in a mouse model of cutaneous S. aureus infection. First, a custom electro-magnetic (EM) generator was designed in which a short-duration exposure of a high-frequency, high-amplitude alternating magnetic field (AMF) could deliver high specific loss power (SLP) to MNPs. Second, antiprotein-A antibody was attached to magnetite (Fe 3 O 4 ) nanoparticles to facilitate specific binding of the nanoparticle conjugates to the surface coat of S. aureus and direct targeted heating for thermal inactivation.
MATERIALS AND METHODS

SLP Measurement
SLP provides a measure of the energy dissipation by a MNP to the tissue and is defined as the thermal power dissipated by a material per unit mass during exposure to an AMF. The SLP value was calculated using SLP = (CV s /m)*(dT/dt), 27, 37 where DT/Dt is the initial rate of the temperature rise (T) during the heating interval (t), C is the volumetric specific heat capacity of the sample solution (4.186 J/(g°C) for water), V s is the sample volume, and m is the mass of magnetic material in the sample. The 200 lg of MNP (100 nm nanomag-D-SPIO, iron concentration of 0.48 mg per mg particle) was added to the well with 1 mL water. The sample well was then inserted in a water-cooled magnetic coil and a fiber optic temperature probe (Neoptix) was placed in the solution for continuous monitoring of temperature during the AMF exposure. AMF was applied at a frequency of 2.1 MHz and at a field strength of 18, 31, and 40 kA/m. A time-dependent change in temperature in the solution was continuously monitored using the fiber optic temperature probe.
AMF-Mediated MNP Heating to Disrupt S. aureus Biofilm In Vitro
Bioluminescent S. aureus (SH1000 strain; generously provided by Dr. Ambros Cheung at Dartmouth Medical School) was streaked onto Tryptic soy agar [Tryptic soy broth (TSB) + 1.5% Bacto Agar] and grown overnight at 37°C in a shaking incubator (240 rpm) as previously published. 35, 41 Colony-forming units (CFUs) were verified by plating dilutions of the inoculum onto TSB agar ± chloramphenicol overnight. To develop biofilms, 100 lL of stationary growth phase S. aureus culture was added to a well of a tissue culture-treated polystyrene 96-well plate under aseptic conditions, as previously described. 2, 33 Biofilms were developed (at 37°C) for 24 h, and any nonattached cells were rinsed off with sterile PBS. Then, a defined amount of MNP was added to the well and an AMF of variable amplitude was applied. To study the antibody-linked MNP targeting of S. aureus biofilm, a defined amount of antibody-linked MNP (200 lg) was added to the biofilm and incubated for 2 h at room temperature. Any unbound, free antibody-linked MNPs were subsequently removed by repeated washes with sterile PBS, and a defined AMF (at a field strength of 31 kA/m for 3 min) was applied. S. aureus inactivation was assessed based on the quenching of bioluminescence signal before and after an AMF treatment using IVIS 100 imaging system (Caliper Life Science, Hopkinton, MA). Analyses of images were performed using Live Image Pro 2.5 (Caliper Life Science, Hopkinton, MA).
Flow Cytometric Assay of Anti-Protein A Antibody
Binding to S. aureus Biotinylated anti-protein A antibody (Abcam, MA) and isotype control (mouse IgG1, eBioscience, CA) were conjugated with streptavidin PE-Cy5 (eBioscience, CA). To assess the binding of anti-protein A antibody to S. aureus, 1 9 10 7 CFU of S. aureus (in 100 lL suspension) were stained with either PE-Cy5 conjugated anti-protein A antibody or PE-Cy5 conjugated IgG1 for 20 min on ice. Events were acquired using a FACScan flow cytometer (Becton-Dickinson, NJ). Data was analyzed using FlowJo software (Treestar, Inc., OR).
Conjugation of Anti-Protein A Antibody with MNP
For the attachment of antibody to MNP, we employed a method of biotin-streptavidin binding (Fig. 1) . We used commercially available streptavidincoated MNPs (nanomag-D-spio, micromod GmbH, Germany) for attachment to either biotin conjugated anti-protein A antibody (Abcam, MA) or isotype control (mouse IgG1, eBioscience, CA). In a preliminary experiment, an optimal concentration of antibody for linking with MNPs was determined by quantifying the half maximal concentration of antibody bound, which was found to be 75 lg antibody/mg MNP. This value was used for the entirety of the antibody-targeting experiments (data not shown). After incubation of the antibody with MNP for 1 h at room temperature, any unbound free antibody was washed out by repeated centrifugation three times and reconstituted with sterile PBS for further use for in vitro and in vivo experiments.
In Vitro Binding Efficiency of Antibody-Targeted MNPs to S. aureus biofilm
The binding efficiency of anti-SA MNPs to S. aureus biofilm was quantified by determining the total quantity of MNPs remaining after removal of free, unbound MNPs by repeated washes. The total quantity of remaining MNPs bound to S. aureus biofilm was quantified using a spectrophotometer (OD at 490 nm) after bleaching out the biofilm. The measured OD value was correlated with a titration curve of MNP amount vs. OD value.
S. aureus Viability Assay Using SYTO 9-propidium iodide (PI) Staining
To assess the viability of S. aureus following AMF treatment, a SYTO9-PI bacterial viability kit (Invitrogen, CA) was used. A 3 lL volume of an equal proportion of SYTO9 and PI mixture was added to the AMF-treated S. aureus biofilm on 96 well plates and incubated for 15 min in the dark at room temperature. After gently disrupting the biofilm structure with multiple pipetting, 10 lL of stained suspension was spotted onto a microscope slide, which was examined using a Nikon epi-fluorescence microscope at 409 magnification with oil-emersion. Live cells (SYTO9) were observed with a 488 nm excitation, 535 nm bandpass emission filter, and dead bacteria (PI) were seen with a 488 nm excitation, 580 nm emission filter. The images were analyzed using Image J.
Mice EGFP-lysozyme M (lys) knock in-mice (EGFPlys-mice) 21 (kind gift from Dr. Thomas Graf at the Center for Genomic Regulation in Barcelona, Spain) were backcrossed for 10 generations onto a C57BL/6 background (Jackson Lab, Bar Harbor, ME) in an animal facility at University of California at Davis. Female mice between 8 and 14 weeks of age were used in all the experiments. All animal experiments were approved by Institutional Animal Care and Use Committee (IACUC) of the University of California at Davis and performed following the guidelines of the Animal Welfare Act and the Health Research Extension Act.
AMF-Mediated MNP Thermotherapy of In Vivo Mouse
Model of S. aureus Wound Infection
The induction of skin wound and S. aureus infection was performed as described in our previous studies. 34, 35 Briefly, a circular, full thickness wound excision (6 mm in diameter) was made on the dorsal skin of a mouse using a skin biopsy punch (Robbins instruments Inc., NJ), and that mouse skin wound was then inoculated with a sub-lethal dose (1 9 10 7 CFU) of a bioluminescent strain of S. aureus. On day 2 post wounding and infection, 200 lg of antibody-conjugated MNPs dissolved in sterile PBS were injected into the wound bed (Fig. 1) . After 2 h, the mouse was placed in a magnetic coil and an AMF was applied for 3 min at a field strength of 31 kA/m and at a frequency of 2.1 MHz. The S. aureus burden in the wound was quantified using an IVIS 100 imaging system (Caliper Life Science, Hopkinton, MA), in which luminescence provided an enumeration of metabolically active S. aureus. S. aureus burden was measured during the course of infection (up to day 5 post wounding and infection) including before and immediately after AMF treatment. We monitored the ambient temperature within the wound area and surrounding nonwound area by infrared thermal imaging using a FLIR SC8000 thermal camera (FLIR system Inc., MA) before and immediately after AMF application. The wound size was determined by taking a photographic image of the wound area before and after AMF exposure using IVIS 100 imaging system and quantifying the image using Image J.
Statistical Analysis
Data analysis was performed using GraphPad Prism version 5.0 software (GraphPad Software, San Diego, CA). Statistical significance was determined by twotailed unpaired t tests. The p values of <0.05 were considered statistically significant. Data are expressed as mean ± SEM.
RESULTS
A High-Frequency, High Field Amplitude
Thermotherapy Platform
For precise control over power delivery to MNPs during thermal inactivation of bacteria, a high-frequency, high-amplitude EM field generator was designed and fabricated with variable power (0-8 kW) and RF signal (1.7-2.1 MHz) adjustment (Fig. 2a) . This generator consists of a power source coupled to electromagnetic coils (40 mm in inner diameter). For proper cooling, chilled water is circulated through the electrical interconnects and the inner surface of the field coils. For further cooling, the field coils are housed within an enclosure that is filled with chilled, low-viscosity mineral oil that recirculates over a cold head. The maximum magnetic field applicator surface temperature was measured at 37°C. The field generator did not produce any detectable higher order spectral components, and the total reflected power was less than 0.3%. Operating at a maximum frequency of~2.1 MHz, the measured field amplitude inside the coil was in the range of 0-50 kA/m. We assessed the efficiency of the EM generator to excite the MNPs and deliver thermal energy by quantifying the SLP as a function of field amplitude using 100 nm iron oxide particles at an applied frequency of 2.1 MHz, as described in Methods. SLP increased linearly with field strength from~20 to 40 kA/m and achieved a value of 900 W/g at a field strength of 31 kA/m (Fig. 2b) . This SLP magnitude was 9-fold greater than previously reported for similar MNP and field amplitude characteristics, 27 demonstrating that our custom EM generator was able to efficiently transfer thermal energy to MNP preparations.
Efficacy of MNP Thermotherapy on S. aureus Biofilm Disruption In Vitro
We evaluated the ability for MNP heating to effectively disrupt biofilm using an in vitro culture assay (Fig. 3) . A biofilm of bioluminescent S. aureus was formed in 96 well plates, and the extent of bacterial killing was quantified based on the level of bioluminescence quenching that directly correlate with number of live bacteria (CFUs), as demonstrated previously. 4, 10, 11, 41 Increasing amounts of MNPs (0-200 lg) were added to each well with S. aureus and exposed to a defined magnetic field amplitude and frequency for 3 min. This brief AMF exposure disrupted biofilms in proportion to the amount of MNP in each well and the applied magnetic field amplitude (Fig. 3a) . A 3-log reduction in S. aureus bioluminescence (about 99.9% killing) was achieved at a dose of 150 lg MNPs at 40 kA/m and 2 log reduction (about 99% killing) at 200 lg MNPs at 31 kA/m. However, 18 kA/m was insufficient to significantly disrupt biofilms even at the highest dose of MNP at the 3 min exposure duration. This result demonstrated that brief AMF excitation of MNPs was sufficient to effectively disrupt biofilm and inactivate bacteria in vitro when using proper MNP dosing and AMF field parameters.
Antibody-Targeting of S. aureus Biofilm In Vitro
We targeted protein A surface antigen on S. aureus using antibody-linked MNPs and evaluated the efficiency of bacterial killing upon high-frequency AMF heating. S. aureus universally expresses protein A on its surface, 13, 23 which motivated our selection of antiprotein A antibody (anti-SA mAb) to target the SH1000 strain of S. aureus. We validated that anti-SA mAb had, in fact, bound specifically to S. aureus by detecting a significant increase in anti-SA mAb binding to S. aureus compared to that of an isotype control (IgG) (Fig. 4a) . To assemble the targeting construct, streptavidin coated MNPs were conjugated to biotinylated anti-SA antibody. We subsequently determined the binding efficiency of the MNP-antibody conjugate to S. aureus biofilms, by measuring the percentage of MNPs that remained in the well after removing unbound MNPs by repeated washing. The measured maximum binding efficiency of anti-SA linked MNP to biofilm was~50% using 200 lg of MNPs (Fig. 4b) . This bacterial targeting efficiency did not significantly increase with additional MNP-antibody added to the well and was more than 1-fold higher than that of the nonspecific MNP-IgG targeting at~20% binding efficiency. Next, we compared the extent of S. aureus biofilm disruption following AMF application (at a field strength of 31 kA/m for 3 min) using the anti-SA linked MNPs vs. anti-IgG isotype control linked MNPs (Fig. 4c) . The data demonstrated more than a 1-fold enhanced S. aureus inactivation for anti-SA targeting compared with either IgG in the in vitro biofilm assay or non-targeted MNPs (~70% killing for anti-SA vs.~30% for IgG vs.~30% for non-targeted MNPs at 31 kA/m field strength, p < 0.05) (Figs. 4c and 3a) . The enhanced antimicrobial activity of anti-SA targeted MNPs was confirmed with a live/dead viability assay based on fluorescent staining of SYTO9 and PI (Fig. 4d) . We conclude that anti-SA targeting significantly enhances S. aureus thermal inactivation in the in vitro biofilm assay.
In Vivo Validation of Antibody Targeted Thermal Inactivation of S. aureus to Resolve Infection and Facilitate Wound Healing
We validated the efficacy of MNP thermotherapy in vivo by employing a mouse model of S. aureus cutaneous wound infection (1 9 10 7 CFU). AMF treatment was applied when the S. aureus burden in the wound reached its maximum, which was demonstrated in our previous study to occur on day 2 post-wounding and infection. 34, 35 The mouse was placed in the magnetic coil and an AMF was applied at a field amplitude and duration sufficient for in vitro biofilm disruption (i.e., 31 kA/m for 3 min). Whole animal bioluminescence imaging was used to quantify S. aureus burden in the wound before and immediately after AMF treatment. It has been previously demonstrated that the intensity of the S. aureus bioluminescent signal is directly proportional to the number of bacteria quantified by an ex vivo colony forming unit assay performed on mouse wounds. 4, 41 The inoculation of MNP into the wound did not result in any change in S. aureus burden in the absence of AMF exposure (Fig. 5a ). The extent of S. aureus thermal inactivation was compared between MNPs bound to specific anti-SA antibody or isotype control. Anti-SA targeting resulted in a significantly enhanced S. aureus inactivation (80%) compared with non-specific IgG (50%) or compared with MNPs with no linked antibody (p < 0.05) (Fig. 5a ). We next measured S. aureus survival in the wound bed before and for 3 days following treatment. The mice treated with AMF once at day 2 post-infection maintained a low level of wound bacterial burden, while S. aureus levels remained high up to day 5 post-infection in the absence of AMF treatment (Fig. 5b) . As a result, wound closure in the mice with anti-SA targeted MNPs was significantly enhanced compared to either mice with IgG targeted MNPs or mice receiving no treatment (Fig. 5c ). These data indicate that the enhanced S. aureus inactivation by anti-SA targeted MNPs correlates with enhanced wound healing. We employed non-invasive thermal imaging to measure any increase in ambient temperature of the wound. Skin temperature at the wound margin increased to a maximum of 43°C immediately following a 3 min AMF exposure using anti-SA targeted MNPs, and subsequently cooled to 38°C one minute after AMF exposure. No physical injuries or adverse events were observed for the mice following AMF treatment. A similar temperature increase within the wound was observed for anti-IgG MNPs (data not shown). 
DISCUSSION
Recent clinical data has implicated microbial biofilms in the exacerbation of chronic wounds. 16, 17, 44 In this study, we developed a novel antimicrobial thermotherapy platform in which antibody-targeted MNPs were excited by a high-amplitude, high-frequency AMF. We demonstrated that this platform was highly effective at safely targeting and thermally inactivating S. aureus biofilm in vitro as well as S. aureus in a mouse model of cutaneous infection.
Previous studies have focused on a successful application of low-frequency RF MNP hyperthermia in cancer treatment. 18, 30, 40 However, to our knowledge, this is the first in vivo application of MNP thermal therapy in which AMF excitation of antibody-bound MNPs was used to kill S. aureus and resolve wound infection. Due to differences in the temperature sensitivity of S. aureus compared to cancer cells, higher temperature transients must be safely generated for realization of this technology as an effective therapeutic for infectious pathogens. By applying a focused, highfrequency, high-amplitude magnetic field for short durations, we generated a localized increase in pathogen cell surface temperature without causing a harmful increase in ambient tissue temperature. 32 Using an orderof-magnitude higher frequency AMF (~2 MHz) than was previously applied for cancer therapy (~500 kHz), we sufficiently excited iron oxide nanoparticles, and following a brief AMF field exposure (on the order of a minute), we induced sufficient heating to inactivate S. aureus at the interface between MNPs and S. aureus cells bound to them. Using short exposure times, any adverse physiological responses due to excessive exposure to a high-frequency AMF were prevented. S. aureus thermal inactivation occurred following a 3 min AMF exposure using anti-SA MNPs despite a maximum measured ambient temperature of 43°C, which is an insufficient temperature to induce S. aureus thermal inactivation. Recently, Dana and Gannot 12 estimated that AMF-excited MNPs could generate a significant transient temperature increase within nanometers of each MNP surface, and this MNP focused heating could describe a mechanism of S. aureus thermal inactivation.
Using non-invasive thermal imaging, we observed very limited off-target tissue heating and no apparent tissue damage. Specifically, we observed an increase in ambient temperature from 32 to 38°C in the tissue surrounding the wound edge, which cooled down to 35°C within 1 min. The physiological mechanism of heat removal by blood circulation and convection in room air presumably contributed to the rapid cooling of the skin. A recent study by Giladi et al. 24 showed that a mouse could tolerate heating from a 3-fold higher electromagnetic field due to such processes that facilitate heat removal, while heating from the same field in vitro resulted in a significant temperature increase due to a lack of active heat removal.
A challenge for the realization of MNP thermotherapy has been administering MNPs in concentrations sufficient to facilitate adequate heating, but without causing toxicity due to oxidative stress. Previous studies determined maximum safe parenteral dosing limits (~10 mg/kg) 49 based upon the assumption that nanoparticles would be continuously removed from the blood. 6, 28 However, this dosing limit may be overcome if antibody-targeted MNPs remain bound to target pathogen cells for extended durations, providing adequate time for macrophages and the reticuloendothelial system to clear unbound MNPs. 29, 39 Our data revealed that anti-SA targeted MNPs exhibited greater antimicrobial activity than anti-IgG MNPs, and this enhanced effect eventually resulted in enhanced wound healing. It is noteworthy that the mice treated with anti-IgG MNPs consistently achieved S. aureus killing, albeit 1-fold less efficient than targeted MNP-SA. This is likely due to the heating of non-specifically accumulated MNPs that were not cleared from the wound bed. Taken together, our results suggest that antimicrobial efficiency may be enhanced while ensuring treatment safety by further customization of MNP/antibody combinations as well as the development of nanoparticles with even greater heat transfer properties.
There are several issues to be resolved in future studies. First, we previously reported that the tightly regulated recruitment of phagocytes (neutrophils, macrophages, etc.) to the site of infection is a critical element of innate immune protection. 34, 35 It should be evaluated whether targeted MNP hyperthermia aids or detracts from this normal, innate immune response, and through this evaluation, it is further necessary to find suitable conditions for MNP hyperthermia that cooperate with neutrophil-mediated bacterial clearance and wound resolution. Second, bacteria have adapted a quorum sensing mechanism that plays an important role in the transition from a planktonic to biofilm stage. 53 It will be further important to evaluate whether this treatment modality can disrupt the quorum sensing mechanism and thereby effectively inhibit biofilm formation and growth. Third, many chronic wounds are polymicrobial with multiple bacterial species embedded in a biofilm consisting of self-secreted polysaccharide matrix. 19, 25 This suggests that a strategy in which the polysaccharide matrix or common surface antigen is targeted may be more effective than targeting S. aureus alone.
Magnetic nanoparticle targeting of bacterial pathogens can be more effective than either passive immunity or other antimicrobial therapeutic modalities alone. It has been reported that multiple redundant mechanisms of immune evasion by S. aureus could result in recurrent infection. 23 The bactericidal mechanism of MNP thermotherapy is independent of this natural immunity and cell-mediated phagocytosis and may therefore be superior to antimicrobial treatments utilizing antibody or other biologics. Further, an application of our AMF can achieve sufficient tissue penetration depth (~centimeters) to target infections that are disseminated deep within tissues. Importantly, targeted thermotherapy may be successfully combined with standard-of-care antibiotic treatment for polymicrobial biofilm infections and enhance antibiotic penetration by disrupting the biofilm polysaccharide matrix. This may significantly enhance the efficacy of a given antimicrobial and facilitate reduced drug dosing, thus providing a valuable tool for the treatment of fragile patients who cannot tolerate high dose systemic antibiotics.
In summary, we have developed a magnetic antimicrobial thermotherapy platform utilizing antibodytargeted MNPs and high-frequency, high-amplitude AMFs, and we validated its efficacy in the rapid clearance of S. aureus pathogens in vitro and in vivo in a mouse model of skin wound infection.
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